Introduction
============

Esophageal cancer is the eighth most common malignancy and the sixth most common cause of death worldwide [@B1]. While surgery represents the primary modality of treatment, the prognosis and survival for this disease remains poor. Radiotherapy has been a critical treatment option for those unresectable esophageal cancer patients. However, insensitive to radiation contributes to the major restrictive factor for patients occurring treatment failure and reccurence [@B2], [@B3]. As such, improved modalities of treatment are urgently needed to improve the prognosis and survival for radioresistant esophageal cancer patients.

c-Met, a receptor tyrosine kinase (RTK) encoded by MET gene, mediates cell proliferation, survival, invasion [@B4], [@B5]. Previous studies by Stommel *et al.* found that silencing c-Met by using c-Met small interfering RNAs (siRNAs) can attenuate tumor growth [@B6]. Hepatocyte growth factor (HGF) is widely expressed in mesenchymal cells as a ligand of c-Met and aberrant HGF/c-Met axis is known to correlate with tumor growth, metastasis and reccurrence in many malignancies [@B7]. HGF can induce autophosphorylation of c-Met and activate downstream signaling pathways, such as PI3K/Akt and MAPK/Erk pathways [@B8]. c-Met is commonly overexpressed in advanced and metastatic esophageal cancer and plays a critical role in the development and progression of malignances [@B9]. Overexpression of c-Met has been reported to decrease apoptosis and enhance the repair of ionizing radiation induced DNA double-strand breaks (DSBs) [@B10]. High levels of c-Met expression are closely related to poor prognosis and survival [@B11]. As such, inhibition of c-Met expression coupled with radiotherapy may represent a promising option for the treatment of radioresistant esophageal cancer.

Foretinib, an oral receptor tyrosine kinase inhibitor, was demonstrated antitumor activity via inhibiting the phosphorylation of c-Met induced by HGF [@B12]. Foretinib has been reported to block cancer cell proliferation, metastasis, angiogenesis and, most importantly, significantly improve survival of esophageal cancer patients [@B13]. c-Met positive malignances have been reported to be more sensitive to c-Met inhibitor and present better prognosis in several clinical and preclinical trials [@B14], [@B15].

In this study we evaluated the effect of foretinib as a radiosensitizer on esophageal squamous carcinoma cells (ESCC) *in vitro*and*in vivo*. Furthermore, the potential mechanisms of radiosensitization effect were also studied.

Materials and methods
=====================

Cell culture and reagents
-------------------------

Esophageal squamous cell lines ECA-109 and TE-13 were purchased from KeyGEN Biotechnology (Nanjing, China) and maintained in Dulbecco\'s Modified Eagle Medium (Gibco) supplemented with 10% fetal bovine serum (Gibco). Cells were cultured at 37°C in an environment of 5% carbon dioxide. Foretinib was obtained from Selleck Chemicals. The antibodies were as follows: GAPDH (Cell Signaling Technology), Akt (Cell Signaling Technology), p-Akt (Cell Signaling Technology), c-Met (Bioworld Technology), p-Met (Tyr 1234/1235) (Cell Signaling Technology), γH2AX (Cell Signaling Technology).

Cell viability assay
--------------------

Cell viability of ECA-109 and TE-13 were assessed using the Cell Counting Kit 8 (CCK8) assays. Cells were plated at a density of 5×10^3^ cells/well in 96-well plate and cultured with different concentrations of foretinib for 24h and 48h. 10% CCK8 (Obio Technology) was added to each well and the absorbance was measured at 490 nm.

Clonogenic assay
----------------

Cells were seeded into 6-well plates at varying cell densities and cultured with different concentrations of foretinib (0.1 and 0.5 μM). Then cells were irradiated at 0, 2, 4, 6, 8 Gy at 4.5 Gy/min and cultured for another 14 days. Cells were fixed with paraformaldehyde and stained with crystal violet respectively for 1h. Colonies composed of greater than 50 cells were counted.

Apoptosis assay
---------------

Cells were plated at a density of 1×10^5^cells/well in 6-well plate and treated with foretinib or IR after 24h. Annexin V/PI Apoptosis Kit (KeyGENE Biotechnology) was used to detect the apoptosis cells by flow cytometry (BD FACS Calibur).

Cell cycle assay
----------------

Cells were divided into one of the following groups: control, foretinib-treatment, IR and combination treatment, and fixed overnight with 75% ice-cold ethanol. Cells were stained with propidium iodide and cell cycle distribution was assessed by flow cytometry (BD FACS Calibur).

Immunofluorescence assay
------------------------

Cells were seeded into confocal laser small dishes and harvested at 2, 8, 24h postirradiation with or without foretinib. Cells were subsequently fixed in 4% paraformaldehyde at 4℃ overnight and permeabilized in 0.1% Triton X-100 (Sigma) for 10 min. Thereafter cells were blocked with 5% bovine serum albumin (Gibco) for 1h and incubated with γH2AX antibody overnight at 4℃. Cells were washed with PBS for three times before incubating with an Alexa Fluor 594-conjugated secondary antibody (Jackson ImmunoRearch) for 1h. Cells were treated with DAPI (Beyotime Biotechnology) and visualized using confocal fluorescence microscopy (Leica).

Western blotting analysis
-------------------------

Cells were seeded into 6-well plates and divided into the following groups: control, foretinib treatment, IR treatment and combination treatment. Cells were lysed using lysis buffer with phenylmethylsulfonyl fluoride (PMSF) and phosphatase inhibitor on ice. The cells were then centrifuged for 15min at 14000 rpm and the supernatant was collected to a new tube. Protein concentrations were identified by BCA Protein Quatification Kit (Vazyme Biotechnology). Primary antibodies were as follows: Bax (Cell Signaling Technology), Bcl-2 (Cell Signaling Technology), Bcl-xl (Bioworld Technology), Cdc2 (Santa Cruz Biotechnology), p-Cdc2 (Santa Cruz Biotechnology), Cyclin B1 (Cell Signaling Technology).

Animal experiments
------------------

Animal experiments were approved by Ethics Committee of Nanjing Medical University. Six to eight week-old female BALB/C nude mice were supplied by Nanjing Medical University Animal Center. A cell suspension of 1×10^6^ ECA-109 cells was subcutaneously injected into the right leg of nude mice. Nude mice in the foretinib treatment group were administrated with 60 mg/kg/day foretinib orally for 14 days when tumors volume reached 150 mm^3^. Nude mice of IR treatment and combination treatment group received additional 8 Gy IR on Day 7 after foretinib administration compared with foretinib treatment alone. Body weight and tumor volume were evaluated every three days and mice were sacrificed on day 18 after foretinib treatment.

Statistical analysis
--------------------

Numerous data were presented as mean ± standard deviation (SD). The t tests and One-way ANOVA were used to demonstrate the difference between different groups. SPSS 19.0 software was performed to statistical analysis and p value less than 0.05 was considered statistically significant.

Results
=======

Foretinib inhibits the proliferation in ECA-109 and TE-13 cells
---------------------------------------------------------------

CCK8 assays demonstrated that foretinib could inhibit the proliferation of ECA-109 and TE-13 cells in a time and dose-dependent manner. As shown in Fig.[1](#F1){ref-type="fig"}A, increasing concentrations of foretinib ranged from 0 to 4 μM surpressed cell viability gradually. The 50% inhibitory concentrations (IC50) of foretinib were 1.67 and 1.95 μM, for ECA-109 and TE-13 cells, respectively.

Foretinib radiosensitizes ECA-109 and TE-13 cells
-------------------------------------------------

Clonogenic assays were performed to determine the radiosensitization effect of foretinib on ECA-109 and TE-13 cells. As shown in Fig.[1](#F1){ref-type="fig"}B, foretinib treatment (0.1 and 0.5 μM) combined ionizing radiation significantly shifted the dose-survival curves compared with the control group. The sensitization enhancement ratio (SER) of ECA-109 and TE-13 reached 1.73 and 1.63 respectively when treated with the concentration of 0.5 μM. D~0~, Dq, SF2 and SER were calculated in Table [1](#T1){ref-type="table"} and these data demonstrated that foretinib significantly resulted in a radiosensitizaiton of ECA-109 and TE-13 cells *in vitro.*

Foretinib inhibits the phosphorylation of c-Met and the downstream signaling pathway
------------------------------------------------------------------------------------

We detected the inhibitory effects of foretinib on c-Met phosphorylation and downstream signaling pathway in ECA-109 and TE-13 cells. As the PI3K/Akt pathway represents the major downstream mediator of c-Met signaling, resulting in changes to proliferation and survival, we evaluated this pathway. The status of c-Met, p-Met, Akt, p-Akt were determined by Western blotting. As shown in Fig [1](#F1){ref-type="fig"}C, foretinib significantly blocked c-Met phosphorylation and downstream PI3K/Akt signaling pathway in ECA-109 and TE-13 cells. These data demonstrated that foretinib was an efficient inhibitor of c-Met and downstream signaling pathways.

Foretinib induces the apoptosis in ECA-109 and TE-13 cells
----------------------------------------------------------

ESCC cells were divided into the following groups: control, foretinib, IR and combination treatment. We evaluated apoptosis by flow cytometry and found that the degree of apoptosis as greatest in the combination treatment group versus the levels observed following foretinib treatment or IR treatment alone (Fig.[2](#F2){ref-type="fig"}B). The results demonstrated that foretinib significantly enhances apoptosis induced by ionizing radiation. The Bcl-2 family consists of anti-apoptosis protein Bcl-2, Bcl-xl and pro-apoptosis protein Bax. Bax plays a crucial role in activating the caspase pathway to induce apoptosis via mitochondrial mechanisms. As shown in Fig.[2](#F2){ref-type="fig"}C, foretinib combined with irradiation resulted in upregulation of Bax and concomitant downregulation of Bcl-2 and Bcl-xl.

Foretinib increases the G2/M arrest in ECA-109 and TE-13 cells
--------------------------------------------------------------

Flow cytometry was used to evaluate the cell cycle distribution in ECA-109 and TE-13 cells. Cells pretreated with foretinib alone induced G2/M arrest from 16.7% to 25% in ECA-109 and from 17.58% to 26.81% in TE-13 cells compared with controls. Irradiated cells pretreated with foretinib induced G2/M arrest from 48.81% to 69.10% and from 50.10% to 65.62% in ECA-109 and TE-13 cells respectively. Thus foretinib redistributed the cell cycle and enhanced the G2/M arrest in ECA-109 and TE-13 cells (Fig.[3](#F3){ref-type="fig"}B). Cdc2/Cyclin B1 complex is a key component in mitosis process through regulating G2/M transition. As shown in Fig.[3](#F3){ref-type="fig"}C, foretinib induced G2/M arrest via modulating phosphorylation of Cdc2 and decreasing the expression of Cyclin B1 while irradiation induced G2/M arrest by increasing the expression of Cyclin B1 and phosphorylation of Cdc2. These data is thus supportive of our flow cytometry findings.

Foretinib delays the repair of DNA double strand breaks following ionizing radiation
------------------------------------------------------------------------------------

Immunofluorescence was performed to assess DNA double strand breaks repair in ECA-109 and TE-13 cells following irradiation. The average number of γH2AX foci per cell was calculated as a surrogate marker of DNA damage. We measured the number of γH2AX foci at 2, 8 and 24h postirradiation with or without foretinib pretreatment (0.5 μM). As shown in Fig.[4](#F4){ref-type="fig"}, the average number of γH2AX foci in the foretinib pretreatment group was significantly higher than those observed in the control (DMSO) group. These data suggest that inhibition of c-Met phosphorylation results in a delay of DNA double strand breaks repair following irradiation.

Foretinib improves the radiosensitization in xenografts
-------------------------------------------------------

As shown in Fig.[5](#F5){ref-type="fig"}A, the combinatorial use of foretinib and IR significantly decreased tumor growth. Tumor volume increased at a much slower rate in mice who received combined treatment as compared with the control group (Fig.[5](#F5){ref-type="fig"}B), while tumor weight was significantly lower in the combined group (Fig.[5](#F5){ref-type="fig"}C). Relative tumor proliferation rate T/C (%) was measured to evaluate the anti-tumor activity. The T/C (%) of foretinib, IR and combination treatment respectively was 58.6%, 44.2% and 29% (Fig.[5](#F5){ref-type="fig"}D), while tumor inhibition rates reached 38.5%, 53.4% and 67.2% in foretinib group, IR group and combination treatment group respectively. Furthermore, we calculated the doubling time and absolute growth delay in different treatment groups. As shown in Table [2](#T2){ref-type="table"}, foretinib increased the doubling time from 5.7±0.8 days with IR alone to 13.7±1.4 days with combination group, resulting in an enhancement ratio of 3.8. These data demonstrate that foretinib enhanced the radioresponse in an ESCC xenograft model.

Discussion
==========

Classical therapeutic strategies for the treatment of esophageal cancer include surgery coupled with radiotherapy and chemotherapy [@B16]. However, chemo/radio-resistance often leads to treatment failure and poor prognosis in many patients [@B17]. Fortunately, molecular therapies have rapidly developed in recent years, targeting aberrantly expressed receptor tyrosine kinases [@B18]-[@B20]. HGF/c-Met signaling pathway plays a critical role in chemo- and radioresistance and c-Met has aroused considerable interest as a potential target due to its effects on tumor growth, invasion and metastasis [@B21], [@B22]. Overexpression and dysregulation of c-Met has been verified tightly related to poor prognosis and survival in advanced esophageal cancer patients [@B23], [@B24]. In addition, high levels of c-Met were reported to be associated with radiation resistance, activating downstream PI3K/Akt signaling pathway which was also linked to redioresistance [@B25], [@B26]. Foretinib, a novel receptor tyrosine kinase inhibitor, was reported to significantly inhibit phosphorylation of c-Met and VEGFR-2 resulting in anti-tumor activity [@B27], [@B28]. Notably, in recent Phase I/II clinical trials, studies have confirmed that foretinib improves the prognosis and the overall survival of patients with c-Met overexpression [@B29], [@B30]. In the present study, we explored the radiosensitization effects of foretinib on ECA-109 and TE-13 cells and characterized molecular mechanisms of action. To our knowledge, this is the first time that foretinib has been coupled with radiotherapy and investigated as a possible therapeutic approach for the treatment of esophageal cancer.

As shown in Fig.[1](#F1){ref-type="fig"}A, foretinib suppressed the cell viability of ECA-109 and TE-13 cells in a dose-dependent manner. As previously reported, phosphorylation of c-Met can activate PI3K/Akt pathway which has been shown to play a critical role in cell proliferation and survival. We observed that foretinib can inhibit the phosphorylation of c-Met and Akt in both ECA-109 and TE-13 cells (Fig.[1](#F1){ref-type="fig"}C). Zillhardt *et al.* suggest that the inhibitory role of foretinib on cell growth is linked to changes in cell cycle distribution [@B31]. They demonstrated that foretinib could suppress cell proliferation through G2/M arrest thereby inhibiting mitoses.

One mechanism by which foretinib enhanced radiosensitivity was related to changes in DNA damage repair following irradiation [@B32]. DNA repair following double-stranded DNA breaks requires a variant histone protein called H2A.X. PI3K-like kinases like ATM, ATR and DNA-PK can induce phosphorylation of H2A.X at Ser139 site after DNA damage caused by ionizing radiation. As shown in Fig.[4](#F4){ref-type="fig"}, foretinib treatment resulted in increased γH2AX foci compared with control group at 2, 8 and 24h following irradiation. These data demonstrated that foretinib efficiently delays the repair of DNA double strand breaks. Previous studies have suggested that c-Met may regulate DNA repair kinetics and attenuate DNA damage following irradiation. Li *et al.*demonstrated that high levels of c-Met were related to radioresistance, while small interfering RNA knockdown of c-MET enhanced the response to IR in non-small cell lung cell lines. We speculated that foretinib may exhibit its antitumor ability by inhibiting the repair of DNA double strand breaks regulated by c-Met [@B33]. Apart from the role in regulating DNA repair, H2A.X is also required for checkpoint-mediated cell cycle arrest. Cells treated with foretinib exhibited more γH2AX foci and thus we hypothesized foretinib may induce cell cycle arrest.

As described previously, another mechanism by which foretinib enhanced radiosensitivity is associated with changes in cell cycle distribution. G2/M phase was reported to be most sensitive to radiation, and G2/M arrest is regulated by Cdc2/Cyclin B1 complex. Cdc2 regulates the entry of cells into mitosis, the phosphorylation of Cdc2 can contribute to inactivate Cdc2 and prevent cells mitosis. As such, dephosphorylation of Cdc2 at Thr14 and Tyr15 contributes to progression into mitosis. Cyclin B1 is a checkpoint regulatory protein and thought to modulate the translocation to nucleus at G2/M checkpoint and initiation of mitosis. The degradation of cyclin B1 is necessary for cells to progression out of mitosis [@B34]. As shown in Fig.[3](#F3){ref-type="fig"}C, foretinib could induce phosphorylation of Cdc2 and the degradation of Cyclin B1. Meanwhile, IR could result in the phosphorylation of Cdc2 and the accumulation of Cyclin B1 [@B35], [@B36]. When combined foretinib with IR, more phosphorylation of Cdc2 and degradation of Cyclin B1 occured which ultimately led to a G2/M checkpoint arrest. To date, studies concerning cell cycle redistribution of c-Met inhibitors have demonstrated conflicting results. Huynh and his colleagues found that c-Met inhibitor foretinib blocked G2/M arrest via decreasing the expression of Cyclin B1 in hepatocellular carcinoma cells [@B37]. Megiorni *et al.* found c-Met inhibitor crizotinib induced G2/M arrest in alveolar RMS cell lines via upregulation of Cyclin B1 and phosphorylation of Cdc2 [@B38]. While Dai and his colleagues found that crizotinib caused G2/M arrest by increasing phosphorylation of Cdc2 and decreasing Cyclin B1 in primary effusion lymphoma cell lines [@B39]. Yu represented c-Met inhibitor SU11274 radiosensitized prostate cell DU145 through abrogating G2/M arrest induced by irradiation [@B40].

The Bcl-2 family contains numerous evolutionarily conserved proteins that can be classified into three broad categories: pro-apoptotic effectors (Bax and Bak), pro-apoptotic BH3-only proteins; and anti-apoptotic proteins (Bcl-2, Bcl-xL, Bcl-w, and Mcl-1, A1/Bfl1). Bcl-2 homology (BH) domains play corresponding roles in modulating cell death and mitochondrial integrity. Bax, a pro-apoptotic protein, induces the initiation of caspase activated apoptosis pathway and mitochondrial cytochrome c release via changes in mitochondrial membrane permeability. Anti-apoptotic proteins Bcl-2 and Bcl-xl, suppress the pro-apoptosis activity and stabilize the mitochondria membrane integrity. Bax and Bcl-2 proteins are considered the potential mediators of cell death induced by ionizing radiation. Expression of Bax and degradation of Bcl-2 seem to be dependent on p53, whose consensus binding elements exist in the Bax promoter region [@B41]. As shown in Fig.[2](#F2){ref-type="fig"}C, foretinib combined with irradiation induced apoptosis by increasing expression of Bax and degrading Bcl-2 and Bcl-xl. Dai *et al.* demonstrated that c-Met inhibitor PF2341066 induced apoptosis through improving DNA damage and regulating DNA repair/damage-related proteins such as RRM2 and XRCC5.

Our studies using tumor-bearing xenografts demonstrated that the tumor volume and weight were decreased significantly in the combination treatment group as compared to use of foretinib or IR alone. These data suggest that foretinib could enhance the radiosensitivity of ESCC *in vitro*and *in vivo*.

Conclusions
===========

In conclusion, foretinib enhanced the radioresponse of ECA-109 and TE-13 cells to IR through inhibiting phosphorylation of c-Met, inducing accumulation of G2/M phase and delaying DNA double strand breaks repair (Fig.[6](#F6){ref-type="fig"}). This study highlights the promising therapeutic potential of targeting c-Met in patients with chemoradioresistant esophageal cancer patients. Further studies are needed to further characterize the radiosensitive mechanisms of foretinib in esophageal cancer.
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![**The effects of c-Met inhibitor foretinib on cell viability, survival, phosphorylation of c-Met and downstream PI3K/Akt pathway in ESCC cells.** (A) Foretinib inhibited cell proliferation in a time and dose-dependent manner in ESCC cells. (B) The clonogenic survival of ESCC cells was suppressed significantly by foretinib at 0, 2, 4, 6, 8 Gy. (C) Western blotting results demonstrated that foretinib blocked the phosphorylation of c-Met and Akt obviously.](jcav08p0983g001){#F1}

![**The effect of c-Met inhibitor foretinib on cell apoptosis in ESCC cells.** (A) Flow cytometry was used to detect the apoptosis in ESCC cells treated with foretinib or irradiation. (B) Combination treatment increased the rate of apoptosis versus the use of foretinib or irradiation alone (\*, P\<0.05; \*\*, P\<0.01). (C) Western blotting results showed that foretinib resulted in improvement of Bax and degradation of Bcl-2 and Bcl-xl combined with irradiation.](jcav08p0983g002){#F2}

![**The effect of c-Met inhibitor foretinib on cell cycle in ESCC cells.** (A) The cell cycle distribution of ESCC cells was examined by flow cytometry. (B) Foretinib increased the percentage of G2/M phase with increasing concentrations and enhanced G2/M arrest induced by irradiation. (C) Foretinib increased the expression of phosphorylated Cdc2 and decreased the expression of Cyclin B1. Irradiation improved the expression of phosphorylated Cdc2 and Cyclin B1.](jcav08p0983g003){#F3}

![**The effect of c-Met inhibitor foretinib on DNA damage repair in ESCC cells.**(A) γH2AX foci was evaluated by immunofluorescence. (B) Foretinib treatment group significantly delayed the DNA damage repair compared with control group after irradiation at 2, 8, 24h (\*, P\<0.05).](jcav08p0983g004){#F4}

![**Foretinib enhances the radiosensitization of ESCC in vivo.** ECA-109 xenograft-bearing female nude mice were divided into four groups: control, IR, foretinib, and a combination treatment group. Seven days following administration of foretinib, the mice were irradiated with a single fraction of 6 Gy X-rays. (A) Representative images of ECA-109 xenograft-bearing nude mice. (B) Measurements of tumor size. Data represent mean and SD (\*\*, P\<0.01). (C) Relative tumor proliferation rate T/C (%). T/C (%) was calculated according to the formula: T~RTV~/C~RTV~×100% (\*, P\<0.05; \*\*, P\<0.01). (D) Measurements of tumor weight. Data represent mean and SD (\*, P\<0.05; \*\*, P\<0.01).](jcav08p0983g005){#F5}

![**Characterizing the mechanisms of radiosensitization mediated by foretinib.**Foretinib surpressed the proliferation and survival of ESCC through inhibiting the phosphorylation of c-Met. Foretinib enhanced the radioresponse via impairing the DNA repair ability of c-Met. Foretinib increased the radiosensitivity through inducing G2/M arrest and apoptosis postirradiation.](jcav08p0983g006){#F6}

###### 

Radiosensitization effects of Foretinib on ESCC cells*in vitro*

  ------------------ -------- -------- --------- ---------
  **ECA-109**        **D0**   **Dq**   **SF2**   **SER**
  Control            2.65     2.85     0.72      
  Foretinib 0.1 μM   1.87     1.76     0.56      1.42
  Foretinib 0.5 μM   1.53     0.23     0.31      1.73
                                                 
  **TE-13**          **D0**   **Dq**   **SF2**   **SER**
  Control            2.53     2.48     0.70      
  Foretinib 0.1 μM   2.19     0.82     0.51      1.16
  Foretinib 0.5 μM   1.55     0.66     0.37      1.63
  ------------------ -------- -------- --------- ---------

**D0**, mean lethal dose; **Dq**, quasithre-should dose; **SF2**, survival fraction(2Gy);

**SER**, sensitization enhancement ratio.

###### 

Radiosensitization effects of Foretinib on ECA-109 xenograft model

  Treatment      Doubling time (Days)   Absolute Growth Delay (Days)   Normalized Growth Delay (Days)   Enhancement Factor
  -------------- ---------------------- ------------------------------ -------------------------------- --------------------
  Control        3.4±0.4                                                                                
  Foretinib      4.9±0.3                1.5±0.3                                                         
  IR             5.7±0.8                2.3±0.8                                                         
  Foretinib+IR   13.7±1.4               10.3±1.4                       8.8±1.4                          3.8(8.8/2.3)

**Absolute Growth Delay (Days)**, the doubling tumor time of treatment group minus that of control group;

**Normalized Growth Delay (Days)**, the time of absolute growth delay of tumor in IR combined with foretinib group minus that of foretinib group.
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